Unlike T cells restricted by major histocompatibility complex (MHC) class
MHC class Ia-restricted CD8 + T cells are the classic eff ector cells involved in cytotoxicity during adaptive immune responses. In addition to MHC class Ia, the mammalian genome encodes proteins with homology to the α chain of MHC class Ia molecules, which are often referred to as MHC class I-like molecules. These proteins are involved in the selection and maintenance of innate-like lymphocytes (ILLs), including NKT cells and MHC class Ibrestricted CD8 + T cells, which exhibit an activated memory phenotype and are thought to have critical immunomodulatory functions (1) (2) (3) (4) (5) . By using genetically modifi ed mice, recent studies have shown that NKT cells, restricted by the MHC class I-like molecule CD1d, play a central role in the pathogenesis of Th2 cell-driven immune disorders such as ulcerative colitis (6) and asthma (7) . Importantly, NKT cells rapidly produce large amounts of IL-4 and IL-13 upon activation.
CD8 + T cells restricted by MHC class Ib molecules have an activated phenotype (8) and promptly produce cytokines upon activation (2) , which are typical characteristics of ILLs. These cells also have a variety of immune regulatory functions, such as suppressing the activity of CD4 + T cells (9, 10) , promoting differentiation of Th1 cells (2) , and up-regulating immunity to infections (11) (12) (13) (14) and tumors (15) . Thus, like NKT cells, these MHC class Ib-restricted CD8 + T cells have the characteristics of ILLs. These cells may serve as a bridge between innate and adaptive immunity, especially in helping the diff erentiation of Th1 cells by producing IFN-γ at the early stage of an immune response. Because CD8 + ILLs exhibit an activated phenotype immediately after their maturation in the thymus (8) , these cells are likely primed by and specifi c to self-antigens, suggesting that these cells might play a role in the pathogenesis of autoimmunity. Under normal physiological conditions, the number of ILLs is limited, and these cells are relatively inert, probably because the activity of these cells is controlled by regulatory mechanisms. We therefore hypothesized that, upon release from immune regulation, ILLs can initiate infl ammation and autoimmunity. This possibility is supported by earlier studies, which showed that MHC class II-defi cient mice exhibit autoimmune-like syndromes (16, 17) . The pathogenesis of autoimmunity in these animals is likely initiated by MHC class I-restricted T cells that are normally suppressed by CD4 + T cells. The identity of the CD8 + T cells that cause infl ammation in these MHC class IIdefi cient mice is unclear.
Experiments regarding the immunological functions of ILLs have been hampered by the lack of specifi c markers for these cells. To circumvent this problem, we have used a genetic approach to generate mice that exclusively express MHC class I-like molecules. However, generating mice that are defi cient in K b , D b , and IA b genes (C57BL/6 mice do not express IE and L molecules) cannot be easily accomplished, because these genes are clustered on the H-2 locus of chromosome 17. We therefore used CIITA −/− mice, which fail to express MHC class II molecules and produce few mature (Fig. 1 a) . Expression of MHC class I-like molecules, including Qa-1 b , Qa-2, and H2-M3, was examined by staining with 6A8.6F10.1A, 1-1-2, and H2-M3.130 antibodies, respectively. K b−/− D b−/− CIITA −/− mice expressed these MHC class Ilike molecules at similar levels as wild-type B6 mice, whereas these molecules were undetectable in β 2 m −/− CIITA −/− mice (Fig. 1 b) . To demonstrate that these mice were functionally devoid of MHC class Ia and class II molecules, we adoptively (Fig. 1 c) . Fig. 2 a, closely resembling IBD. Histologically, there was moderate to severe infl ammation characterized by infi ltration of mononuclear cells (Fig. 2 b) . In contrast, K b−/− D b−/− , CIITA −/− , and β 2 m −/− CIITA −/− mice (n = 24), showed no signs of intestinal infl ammation, both by gross examination and by histological analysis.
In humans, the histocompatibility leukocyte antigen (HLA)-E locus is associated with susceptibility to type I diabetes (19) . In mice, pancreatic β cells have been found to express the HLA-E homologue Qa-1 b , presenting a nonomeric peptide derived from the preproinsulin leader sequence. This complex is recognized by Qa-1 b -restricted CD8 + T cells and lyses pancreatic β cells (20) . Thus, CD8 + T cells restricted by MHC class I-like molecules may contribute to the infl ammation in diabetes. We therefore examined K b−/− D b−/− CIITA −/− mice for the development of insulitis. Gross examination revealed enlarged and fragile pancreati (not depicted), and histological sections revealed characteristic lymphocyte infi ltration in the islets, indicative of the onset of autoimmune type I diabetes (Fig. 2 c) . (8, 22) . Therefore, CD8 + T cells in K b−/− D b−/− CIITA −/− mice appear to be activated without exposure to exogenous antigens, indicating that these T cells are likely primed by selfantigens. To determine the organs where these cells are primed, we examined the thymus and found that a large proportion of the thymic single-positive CD8 + T cells already exhibited an activated phenotype (Fig. 4 a) . However, no abnormal expansion of thymic single-positive CD8 + T cells was found in K b−/− D b−/− CIITA −/− mice (Fig. 4 b) . The absolute numbers of single-positive CD8 T cells in the thymus in wild-type and K b−/− D b−/− CIITA −/− mice are not increased (Table S1 , available at http://www.jem.org/cgi/content/ full/jem.20060936/DC1). This suggests that the elevated CD8 + T cell number found in the periphery is not a result of enhanced thymic selection. Instead, it is likely that CD8 + T cells selected on MHC class I-like molecules in the thymus are activated by self-antigens and migrate to the peripheral lymphoid organs, where they expand by hyperlymphoproliferation. Interestingly, we observed that a large proportion of these cells also expresses NKG2c (Fig. 4 c) , an activating NK cell receptor. Expression of NKG2c has recently been associated with infl ammation and production of infl ammatory cytokines by HLA-E-restricted ILLs in human celiac disease (23) . Although this fi nding is consistent with the innate-like property of pathogenic CD8 + T cells in K b−/− D b−/− CIITA −/− mice, NKG2c is not a marker for ILLs because it is acquired only during the progression of infl ammation (23) . Nevertheless, expression of NKG2c by CD8 + T cells in K b−/− D b−/− CIITA −/− mice again confi rmed the activated phenotype of these cells.
To examine the intrinsic proliferation of CD8 + T cells in thymus and peripheral lymphoid organs, we performed a BrdU incorporation experiment in vivo. We found that an increased number of CD8 + T cells in the thymus and spleen in K b−/− D b−/− CIITA −/− mice, as compared with wild-type C57BL/6 mice, incorporated BrdU (Fig. 4 d) . Therefore, the CD11b + cells, but not CD8 + T cells, showed strong intracellular IL-12 expression (Fig. S1 , available at http://www.jem. org/cgi/content/full/jem.20060936/DC1). Neutralization of IFN-γ with a specifi c antibody inhibited IL-12 production by CD11b + cells. This is in agreement with our earlier study showing that anti-CD3-induced IL-12 production in vivo is mediated by the early burst of IFN-γ from CD8 + T cells restricted by MHC class I-like molecules (2). These fi ndings provide direct evidence that, in the absence of conventional T cells, CD8 + T lymphocytes restricted by MHC class I-like molecules are pathogenic and suffi cient to mediate autoimmune diseases. To determine whether the accumulation of peripheral CD8 + T cell is caused by clonal expansion, we tested the Vβ usage of CD8 + T cells in K b−/− D b−/− CIITA −/− and corresponding wild-type mice. Although these cells expressed a variety of TCRβ chains, we were unable to detect T cells expressing Vβ9, Vβ10, and Vβ14. We observed a substantial increase in the usage of Vβ2, Vβ6, Vβ8.1,2, and Vβ13 (Table S2, (Fig. 5,  a and b) , whereas adoptive transfer of CD8 + T cells from normal mice did not induce such changes. Furthermore, we depleted CD8 + T cells from K b−/− D b−/− CIITA −/− mice using monoclonal anti-CD8 antibodies (Fig. 5, c  and d ). These mice also failed to exhibit intestinal or pancreatic infl ammation.
D I S C U S S I O N
Our studies have revealed that mice bearing only MHC class I-like molecules produce predominantly activated CD8 + T cells that secret considerably more infl ammatory cytokines than CD8 + T cells from wild-type mice. Therefore, it is likely that CD8 Breaking tolerance of CD8 + T cells restricted by MHC class I-like molecules may represent a key step in the pathogenesis of autoimmune disorders. A previous report has established an etiological link between infection by gramnegative bacteria and autoimmune diseases (24) . It is possible that, in mice or humans with genetic susceptibility to autoimmunity, microbial products can activate innate immune components that alter the immune tolerant status, thus allowing pathogenic CD8 + T cells restricted by MHC class Ilike molecules to expand and initiate autoimmune disease. In fact, a recent report showed that a Qa-1 b -restricted CD8 + T cell clone can kill macrophages that are stressed or infected with Salmonella (24) . Interestingly, the killing of infected cells in this system was not guided by the harbored organism but depended on host stress proteins such as Hsp60. Furthermore, these authors showed that Qa-1 binds with an Hsp60-derived peptide, which can be recognized by a Qa-1 b -restricted CD8 + T cell clone (24) . Interestingly, Qa-1 b can also bind a peptide derived from preproinsulin and activate the same Qa-1 b -restricted CD8 + T cell clone that recognizes Hsp60. This fi nding suggests that self-peptides presented by Qa-1 can mediate the development of autoimmunity. Nevertheless, the contribution of Qa-1-presented peptides to autoimmunity in our model system, in which all T cells are restricted by MHC class I-like molecules, remains to be established.
CD8 + T cells restricted by MHC class I-like molecules are selected and activated in the thymus. Under normal conditions, these cells are tolerant, but when tolerance is broken these T cells rapidly expand in the peripheral lymphoid organs and initiate autoimmune disease. Our results indicate that these CD8 + T cells are highly autoreactive. Furthermore, these cells are fully capable of initiating and propagating autoimmune diseases on their own. MHC class I-like molecules are nonpolymorphic and bind to a limited set of self-antigens, resulting in a small population of selected T cells with limited diversity. As K b−/− D b−/− CIITA −/− mice do not bear conventional CD4 + CD25 + or CD8 + T reg cells, their CD8 + T cells are not subject to T reg cell-mediated tolerance and are free to initiate and propagate autoimmune diseases. Therefore, both MHC class II-restricted CD4 + T cells and MHC class Ia-restricted CD8 + T cells are required to suppress autoimmunity.
In summary, innate-like CD8 + T cells are primed and activated by self-antigens in the thymus and transported to the periphery, where they can expand exponentially and induce autoimmune diseases. These cells can induce infl ammation in multiple organs. Therefore, innate-like CD8 + T cells may contribute to the generation of a variety of autoimmune diseases. These innate-like CD8 + T cells are restricted by MHC class I-like molecules, which are nonpolymorphic in nature and thus present a limited set of self and/or foreign antigens to T cells. Uncontrolled reactivity of innate-like CD8 + T cells to self or foreign antigens may play a critical role in many autoimmune diseases. FACS staining and analysis. Cells were harvested from the spleen, lymph nodes, thymus, or peripheral blood. Red blood cells were lysed by the ACK lysis buff er (Biosource International). Cells were suspended in staining buff er (PBS, 3% FCS, 0.01% Na-azide) at a concentration of 10 7 cells/ml. 100 μl of suspension was incubated either with directly conjugated antibodies or biotinylated antibodies for 30 min on ice. Streptavidin-PE was used as the secondary reagent with an additional incubation of 30 min on ice. Cells were washed twice with the staining buff er and fi xed with 1% paraformaldehyde. T cell activation and cytokine detection. Purifi ed CD8 T cells from diff erent strains of mice were activated with plate-bound anti-CD3 and anti-CD28 antibodies for 16 h. Cytokine and chemokine levels in culture supernatants were determined by multiplexed bead array immunoassay using Luminex Technology (Bio-Plex; Bio-Rad Laboratories). Unpurifi ed splenocytes were activated with anti-CD3 antibodies for 18 h to examine IL-12 production. IL-12 was assayed by intracellular staining after treatment with 10 μg/ml brefeldin A during the last 6 h of culture. Cells were stained for surface markers, fi xed with 1% paraformaldehyde for 30 min, washed, and resuspended in a permeabilization buff er provided in the Cytofi x/Cytoperm kit (BD Biosciences), then stained with PE-conjugated rat antimurine IL-12. Stained cells were then analyzed by fl ow cytometry on a cytometer (FACScan; Becton Dickinson).
MATERIALS AND METHODS

Mice
In vivo T cell proliferation assay by BrdU. Mice were treated with BrdU in drinking water at 0.8 mg/ml (Sigma-Aldrich) for 9 d for assessing in vivo cell proliferation. Spleen and thymus were harvested, and single-cell suspensions were made. Cells were stained for surface markers using appropriate antibodies and fl uorochromes. After washing, cells were resuspended in 0.15 M NaCl and fi xed by gradual addition of ice-cold 95% ethanol. Cells were washed and incubated with 1% paraformaldehyde for 30 min at room temperature. Cells were stained with anti-BrdU-FITC in the presence of DNase I. Samples were analyzed using a FACScan fl ow cytometer.
Gross examination of mice and histology. Photographs of spleens, lymph nodes, or open abdominal cavities from 12-wk-old mice were taken using a digital camera (DSC V-3; Sony). For histology, pieces of intestine and pancreas were washed thoroughly in PBS and fi xed in periodate-lysineparaformaldehyde. Tissues were embedded in paraffi n, and 5-to 6-μm sections were cut. Sections were stained with hematoxylin and eosin (H&E) and examined microscopically.
Online supplemental material. Fig. S1 shows the importance of IFN-γ in anti-CD3-induced IL-12 production in splenocytes of K b−/− D b−/− CIITA −/− mice. Table S1 demonstrates thymocyte phenotypes in diff erent strains of mice. 
